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ABSTRACT
Centrosomes and cilia are present in organisms from all branches of
the eukaryotic tree of life. These structures are composed of
microtubules and various other proteins, and are required for a
plethora of cell processes such as structuring the cytoskeleton,
sensing the environment, and motility. Deregulation of centrosome
and cilium components leads to a wide range of diseases, some of
which are incompatible with life. Centrosomes and cilia are thought to
be very stable and can persist over long periods of time. However,
these structures can disappear in certain developmental stages and
diseases. Moreover, some centrosome and cilia components are
quite dynamic. While a large body of knowledge has been produced
regarding the biogenesis of these structures, little is known about how
they are maintained. In this Review, we propose the existence of
specific centrosome and cilia maintenance programs, which are
regulated during development and homeostasis, and when
deregulated can lead to disease.
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Introduction
Centrioles, first described in the 1880s by Edouard Van Beneden and
Theodor Boveri (see Scheer, 2014), are microtubule (MT)-based
cylindrical structures with nine-fold symmetry (Fig. 1A). They are
present in most eukaryotes, but have been lost in higher plants, higher
fungi and amoeba (Azimzadeh, 2014; Carvalho-Santos et al., 2011;
Marshall, 2009). Centrioles can form both centrosomes and cilia. The
centrosome is the primary microtubule-organizing center (MTOC)
in most animal cells, regulating cell shape, polarity and spindle
pole organization. Centrosomes are composed of two centrioles
surrounded by a proteinaceous non-membrane-bound compartment
called pericentriolar material (PCM, Fig. 1A). Centrioles also form
basal bodies inmotile and immotile cilia and flagella, which are critical
for signaling functions (most cilia), for extracellular fluid flow (e.g.
cilia of tracheal cells that move mucus) and for cellular motility (e.g.
flagella of sperm cells, Fig. 1B) (Jain et al., 2012; Shah et al., 2009).
Research on these structures took off with the advent of electron
microscopy in the 1950s and more recently super-resolution
microscopy, genomics, proteomics, RNAi screens and identification
of disease-causing mutations (Andersen et al., 2003; Balestra et al.,
2013; Dobbelaere et al., 2008; Gönczy et al., 2000; Goshima et al.,
2007; Jakobsen et al., 2011; Kamath et al., 2003; Lawo et al., 2012;
Lukinavicǐus et al., 2013; Mennella et al., 2012; Sonnen et al., 2012;
Sönnichsen et al., 2005). Hundreds of centrosome and cilia
components are now identified, with current efforts focusing on
understanding their role in centrosome and cilia biogenesis and
function. However, due to experimental limitations, little is known
about their maintenance.
In this Review, we briefly summarize centrosomes and cilia
assembly and function (for longer reviews, refer to: Brito et al.,
2012; Conduit et al., 2015; Garcia-Gonzalo and Reiter, 2017;
Ishikawa, 2017; Loreng and Smith, 2017; Reiter et al., 2012; Zhu
et al., 2017). We provide a generalized definition of maintenance
(Box 1) and use it to explore the evidence for specific centrosomes
and cilia maintenance programs during development, homeostasis
and disease.
Centrosomes and cilia biogenesis
Centrosome structure and biogenesis
Centrioles are cylinders, normally composed of a proximal part with
a cartwheel, which defines their nine-fold symmetry (Fig. 1A). At
their distal ends, depending on species andmaturity stage, centrioles
can have subdistal and distal appendages (Fig. 1A). Upon cilia
formation, these are also called transition fibers (Fig. 1B). These
appendages play important roles in MT anchoring and in docking
basal bodies to the membrane during ciliogenesis, respectively
(Vertii, Hehnly, and Doxsey, 2016). On the outside of the centriole
barrel, depending on the species, the centriole is composed of
singlet, doublet or triplet MTs (A,B and C tubules, Fig. 1A). Recent
cryoEM studies have unveiled highly elaborate electron-dense links
within the cartwheel, the MTs and between both structures
(Guichard et al., 2013; Li et al., 2012). While the function of
these links is not known, their localization suggests importance for
maintaining the stability of the structure.
In cycling cells, centrosomes are assembled once per cell cycle
and their number is tightly controlled (Fig. 1C). However, there are
exceptions, such as de novo centriole biogenesis observed in the
germ line in lower plants or certain insects, or the massive
amplification events in multiciliated cells (Meunier and Spassky,
2016). In cycling cells, only one centriole (daughter) is formed
orthogonally to each existing one (mother) in S phase, and then
elongates throughout S and G2 phases (see Fig. 1 for more details).
Each daughter matures in a process called centriole-to-centrosome
conversion, which involves cartwheel loss in most studied species
and recruitment of PCMduring G2 phase. This process is dependent
on the centriole component CEP295 (Drosophila Ana1) and the
mitotic kinase Polo-like kinase 1 (PLK1; Polo in Drosophila, see
Figs 1 and 2) (Fu et al., 2016; Izquierdo et al., 2014; Wang et al.,
2011). At the beginning of the next G1 phase, the mother centriole,
now called a ‘grandmother’, gains distal and subdistal appendages
(Kong et al., 2014).
At the G2–M transition, centrosomes recruit more PCM, thereby
increasing their MTOC activity. This process is regulated by three
mitotic kinases [PLK1, cyclin-dependent kinase 1 (CDK1) and
AuroraA (AURKA)], which phosphorylate several components of the
centrosome and mitotic apparatus, and also regulate each other
(Conduit et al., 2015; Haren et al., 2009). MT nucleation requires
high tubulin levels, which is achieved either by increasing the
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concentration of tubulin and MT stabilizers at the centrosome, and/or
by increasing the concentration of γ-tubulin, which nucleatesMTs and
stabilizes them (Woodruff et al., 2017). Other centrosomal proteins
are also crucial in localizing γ-tubulin to the PCM, such as neural
precursor cell expressed developmentally downregulated protein 1
(NEDD1), pericentrin and CDK5 regulatory subunit-associated
protein 2 (CDK5RAP2) (Choi et al., 2010; Fong et al., 2008; Haren
et al., 2006; Lüders et al., 2006). After their nucleation, MTs can be
anchored to centrosomes by subdistal appendages and/or PCM
(Chrétien et al., 1997; Delgehyr et al., 2005; Guo et al., 2006; Ibi et al.,
2011; Ishikawa et al., 2005; Mogensen et al., 2000). Alternatively,
they can be released and anchored somewhere else, forming a
differently shaped cytoskeleton (Ahmad et al., 1999; Muroyama and
Lechler, 2017; Sharp and Ross, 2012; Yu et al., 1993).
Cilia structure and biogenesis
Cilia can be highly diverse depending on the tissue and its function
(Choksi et al., 2014), and are found in proliferating, quiescent and
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Fig. 1. General architecture of centrosomes and cilia and their interconnectedness throughout the cell cycle. (A) The centrosome is composed of two
barrel-shaped microtubule-based centrioles, which are surrounded by a matrix of proteins called the pericentriolar material (PCM). The PCM is required for
microtubule (MT) nucleation. Centrioles are duplicated once per cell cycle. The mother centriole is generally distinguished by the presence of subdistal and distal
appendages. The daughter centriole contains the cartwheel at its proximal end from which the centriole elongates. The cartwheel is also involved in establishing
the ninefold symmetry of the centrioles (cross-section shown in gray box). Small electron-dense spherical granules, called centriolar satellites (CSs), play an
important role in the replenishment of centrosomal and/or ciliary components from the cytoplasm to the centrosome. They are focused at the centrosomes through
the action of MT-based motor proteins. (B) Cilia generally consist of four subcompartments, which are shown in cross-sections (gray boxes, some variable
components are shown in gray). A cilium is formed from a fully mature mother centriole (now called a basal body), which docks to the cell membrane and is
embedded in PCM. The axoneme extends from the basal body in the form of doublet MTs. At its base, it contains fibers that link the MTs to the membrane (in the
shape of a ‘Y’ in cross-section). The most distal part of the cilium is called the ciliary tip. Many cilia have a fibrous structure called a rootlet, mostly composed of
rootletin, extending from the basal body into the cell. Cilia also carry out intraflagellar transport (IFT), which moves proteins into and within the cilia. Cilia can be
divided based on their ability to move. Motile cilia have dynein arms connecting neighboring MT doublets along the axoneme. Often, they also have a central MT
pair (in cross-section). (C) Simplified centrosome biogenesis cycle and its coordination with the cell cycle. Centriole duplication occurs in S phase, with the
formation of the two daughter centrioles orthogonally to the already existing centrioles. In late G2, the daughter centrioles reach final length and maturation with
the recruitment of several molecules to the PCM. Uponmitotic entry, the two centrosomes separate and nucleateMTs leading to the assembly of a bipolar spindle.
When the cell exits mitosis, both daughter cells have inherited one centrosome. If the cell goes through a new cell cycle, the centrioles will again duplicate in S
phase. Alternatively, cells may not enter a new cell cycle and centrosome inactivation or ciliogenesis might take place as indicated.
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differentiated cells. Whether the presence of cilia and cell cycle
progression regulate each other depends on the species and the
tissue; however, formation of cilia in cultured cells is often
enhanced by serum starvation and entry into quiescence. In these
cells, cilia are often resorbed upon cell cycle re-entry (Kim et al.,
2011; Li et al., 2011). Differentiating cells form diverse cilia types
after their exit from the cell cycle and are induced to form cilia by the
expression of specific transcription factors, such as FOXJ1 in the
case of motile cilia (Choksi et al., 2014). Cilia are sometimes
reabsorbed during differentiation, as observed in muscle cells,
lymphocytes and hepatocytes (Fu et al., 2014; Stinchcombe et al.,
2015; Wheatley et al., 1996).
Once ciliogenesis is triggered, the mother centriole recruits
RAB11-positive vesicles that transfer membrane material from the
Golgi to the distal appendages. This membrane forms a cap
structure, called the ciliary vesicle, at the distal end of the centriole.
This process has been termed centriole-to-basal-body conversion
(Kobayashi and Dynlacht, 2011). Subsequently, basal bodyMTs (A
and B tubules) start elongating to form the axoneme, the ciliary
‘skeleton’ (Fig. 1B). The ciliary vesicle and the cell membrane fuse,
giving rise to the cilium. In some cell types, however, the axoneme
only starts elongating once the basal body docks at the membrane
(Garcia-Gonzalo and Reiter, 2012). The proximal part of the ciliary
axoneme, called the transition zone (TZ), shows an electron-dense
structure in the shape of a ‘Y’ (so-called Y-links) by EM. The
transition fibers and the TZ together form the ‘ciliary gate’, a
protein-dense ‘molecular sieve’ that restricts protein entry into the
ciliary cytoplasm by limiting diffusion (Garcia-Gonzalo and Reiter,
2017; Takao and Verhey, 2016). Many causal mutations reported in
human patients with ciliopathies are found in TZ proteins (Braun
and Hildebrandt, 2017). Nuclear pore proteins and several
membrane-associated septins localize to the ciliary base, where
they may create a diffusion barrier between both cytoplasm and
cilioplasm, and the ciliary and plasma membranes, respectively (Hu
et al., 2010; Palander et al., 2017; Takao et al., 2014; Takao and
Verhey, 2016). These barriers control the enrichment of membrane
and cytoplasmic proteins at the cilium, making it an ideal
compartment to initiate signaling cascades through amplification
of cues from the environment (Takao and Kamimura, 2017). Cilia
potentially also integrate stimuli from different signaling pathways
(Christensen et al., 2007; Hu et al., 2010; Lancaster and Gleeson,
2009). The full complexity of ciliary transport is still under
investigation (Takao and Verhey, 2016) as nuclear proteins were
found to localize too far away from the TZ to form a diffusion barrier
(Del Viso et al., 2016). It was thus suggested that they only have a
scaffold function at the ciliary base (Del Viso et al., 2016).
Furthermore, membrane proteins and soluble proteins use distinct
mechanisms for ciliary entry (Takao and Verhey, 2016).
The diffusion barrier poses a problem for cilium assembly
and function as proteins are not translated and are probably also
not degraded inside cilia. Intraflagellar transport (IFT; refer also to
Box 3) via a multiprotein complex was initially described within the
flagella of the green algae Chlamydomonas (Kozminski et al., 1995,
1993), but transport of molecules in and out of cilia also occurs in
almost all other cilia types. IFT is required in most eukaryotes to form
cilia and to regulate their length (Marshall et al., 2005; Marshall and
Rosenbaum, 2001; Pazour et al., 2000); different combinations of
subunits form the complex in different species (van Dam et al., 2013),
as reviewed extensively elsewhere (Ishikawa and Marshall, 2011;
Lechtreck, 2015; Mourão, et al., 2016; Prevo et al., 2017; Taschner
and Lorentzen, 2016). IFT is mediated by two subcomplexes that bind
either kinesin II or cytoplasmic dynein and move anterogradely or
retrogradely, respectively, along the axoneme. Many cargo proteins,
including tubulin, have been identified (Bhogaraju et al., 2013;
Taschner and Lorentzen, 2016). Recently, IFT-independent transport
processes have also been described in Chlamydomonas cilia (Harris
et al., 2016) and IFT-independent assembly of cilia in the cytoplasm
was shown in Drosophila spermatogenesis (Han, et al., 2003; Sarpal
et al., 2003). The individual contributions of these different transport
modes for cilia assembly and function are not fully understood. Cilia
also form additional structures such as the ciliary rootlet, which is not
required for ciliogenesis, but contributes to ciliary maintenance (Chen
et al., 2015;Mohan et al., 2013; Yang et al., 2002), as discussed below.
Evidence for the existence of active maintenance programs
for centrosomes and cilia
Any given biological structure, from organelles to cells and whole
organisms has to be assembled and maintained. The word
‘maintenance’ has been used in different ways (Box 1). We define
maintenance as all processes that prevent the structural and
functional properties of centrosomes and cilia from deteriorating
after their full assembly. Most of the examples we describe here
relate to homeostatic maintenance through turnover (see Box 1).
Mechanistic research on maintenance has been scarce, as
germline mutations or ubiquitous RNA interference (RNAi) lead
to assembly defects, precluding further studies on maintenance.
Recent work on protein life span showed that structures such as the
nuclear pore complex aremaintained over the lifetime of a cell and active
exchange of constituent subcomplexes takes place (Toyama et al., 2013).
This indicates that even very long-lived protein complexes are likely to
require both homeostatic and reparative maintenance (see Box 1 for
concepts). Although it is formally possible that centrosomes and cilia are
very stable and do not require any maintenance, this should limit the
plasticity of these structures, precluding their adaption to different
environmental challenges and their disassembly under physiological
conditions. However, there is clear evidence for their inactivation and/or
disassembly at different stages in development. Here, we review such
evidence and advocate for specific maintenance programs.
Box 1. Towards a maintenance concept in cell and
molecular biology
Theword maintenance is frequently used in cell and molecular biology at
several levels of organization over different time scales. Here, we refer to
maintenance as all processes in a cell that prevent a given property from
deteriorating, and which can occur at any time during the life of the
organism. Given that any property can be perturbed either through
dilution or damage of components, we envision two different but not
exclusive types of maintenance mechanisms. (1) Homeostatic
maintenance returns properties to a set point after the physiological
dilution of a property, with no insult. For example, the physiological loss
of material (e.g. vesicle formation with local membrane composition
being altered). (2) Reparative maintenance is activated upon damage,
which can arise through external insults or time. This requires a
recognition process that identifies impaired subunits and to replace
them (e.g. DNA repair after ionizing radiation). It is also possible to avoid
the accumulation of damage through turnover. If components are
replaced faster than the rate at which damage occurs, then damage
might not accumulate to dangerous levels. This might be a common form
of maintenance, such as that suggested for synaptic vesicle proteins.
Their turnover is regulated in an activity-dependent manner to prevent
accumulation of damaged proteins, which could lead to synaptic
dysfunction and neuron degeneration (Sheehan et al., 2016). Under
some circumstances, a cell might require the loss of a property that would
be otherwise maintained. In this case, the maintenance machinery will
have to be disabled.
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Conceptually, biogenesis and maintenance could use either
completely independent programs or overlapping programs with
differential regulation at different time points. Within that
framework, three groups of molecules might exist, those required
for biogenesis, those necessary for maintenance and those involved
in both processes (Fig. 3). Loss of biogenesis molecules leads to
impaired formation of a given structure. In contrast, inactivation
of molecules involved in maintenance specifically, will allow
biogenesis to proceed to a functional end product. However, the
function of the structure will eventually deteriorate and the structure
may even be lost entirely (Fig. 3). Can deregulation of maintenance
arise if the ‘maintenance machinery’ is also involved in biogenesis?
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Fig. 2. Molecular factors involved in the regulation of centrosome and cilia maintenance programs. (A) Known factors in centrosome maintenance. Both
the pericentriolar material (PCM, orange) and the cartwheel (red) protect the integrity of the centrioles. PLK1 (Polo in Drosophila) and cyclin-dependent kinase
(CDK) are involved in activating the centrosomal microtubule-organizing center (MTOC). Additionally, Polo prevents loss of PCM from the centrioles. The
centriolar protein CEP295 protects centriole disassembly by anchoring PCM during the process of centrosome maturation. Post-translational modifications
(PTMs), such as polyglutamylation of the tubulin at centriole walls confer additional stability to the centriolar structure. Centrobin, another centrosomal protein,
which binds to tubulin, also has a role in centriole integrity, although the mechanism is not known. Upon differentiation, different cell types, such as oocytes,
epithelial, muscle and neuronal cells, naturally inactivate and/or eliminate centrosomes. The programmed inactivation of centrosomes is illustrated as a two-step
process, i.e. loss of PCM which leads to loss of MTOC activity, which, in some cell types, is followed by loss of the centriole. It is not yet clear whether in neurons,
muscle and some epithelial cell types, centrosomes only lose their MTOC activity or also disappear entirely. The significance of centrosome inactivation and/or
loss in the differentiation of these cell types is poorly understood (question marks). Potential consequences of centrosome inactivation or of constitutive
maintenance (failed centrosome inactivation) for a cell are highlighted on the right. It is still not clear whether centrosomal MTOC activity in cancer cells with
supernumerary centrosomes is modulated in order to allow the viability of these cells. (B) Ciliary functions at steady state. Different factors are involved in cilia
maintenance. Intraflagellar transport (IFT) maintains cilia integrity through the transport of cargoes into the cilia and is hence essential for turnover of ciliary
proteins. Rootletin, the main component of the ciliary rootlet, is involved in the functional and structural maintenance of cilia, but the underlying mechanism is not
yet clear. As for centrosomes, PTMs of cilia microtubules (MTs) also appear to be important for cilia integrity. Gene regulation has also been implicated in
maintaining cilia. MicroRNAs and the tumor suppressor gene (VHL) were found to be required for maintenance of cilia in photoreceptor cells and kidney,
respectively. However, in certain scenarios (including re-entry into the cell cycle or changing responsiveness to signaling molecules), the cilium needs to be
disassembled. Both Nde1 (mother centriolar protein) and Tectex-1 (recruited to the cilia transition zone) inhibit ciliogenesis, allowing cilia resorption and
progression into S-phase. Aurora A and PLK1 kinases also mediate cilia reabsorption through the activation of HDAC6. Potential consequences of cilia
maintenance failure are highlighted on the right.
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One possibility is that mutations have different thresholds for their
phenotypic manifestation in biogenesis and maintenance (Fig. 3).
Alternatively, the biogenesis phenotype of a certain mutation might
be compensated by epistasis (i.e. suppression of the effect of a
particular mutation in one gene through the interaction with a
different gene; Fig. 3). Such compensation might be compromised
by a variety of scenarios. For example, in Caenorhabditis elegans,
hypomorphic IFTmutants can recover from cilia phenotypes arising
early in development in a chaperone-dependent manner. This
compensation, however, fails with aging (Cornils et al., 2016).
Other perturbations, including increased demand on tissue activity,
age, stress, additional acquired mutations and environmental
perturbations (e.g. smoking, alcohol consumption), are also likely
to interfere with compensatory mechanisms and thus lead to
phenotypic manifestation of mutations after biogenesis. Epistasis
can thus explain the presence of disease-causing mutations in
apparently healthy individuals (Novarino et al., 2011). In fact, the
genetic background strongly influences phenotype onset in mouse
models of cystic kidneys and in human patients (Lehman et al.,
2008; Davis et al., 2011; Khanna et al., 2009), suggesting the
existence of modifier gene variants.
Centrosome maintenance
Historically, centrioles have been regarded as exceptionally stable
structures. They are resistant to drug- and cold-induced MT
depolymerization (Kochanski and Borisy, 1990), to forces and
MT instability in mitosis (Belmont et al., 1990). Furthermore,
fluorescence recovery after photobleaching (FRAP) of the basal
body α-tubulin in Tetrahymena shows little turnover (Pearson et al.,
2009). An elegant experiment inC. elegans demonstrated that, upon
fertilization with sperm containing a single paternally contributed
centriole that has been labeled with SAS4 tagged to GFP to mark the
centriolar walls, could be detected up to the ∼350-cell stage after
fertilization (Balestra et al., 2015), suggesting centrioles are stably
inherited through many divisions.
However, centrosomes are lost from oocytes of most metazoan
species (Delattre and Gönczy, 2004; Manandhar et al., 2005) and are
known to be inactivated (i.e. loss of their MTOC capacity) in some
cell types that undergo differentiation, such as neuronal, muscle and
epithelial cells (Sanchez and Feldman, 2017). Upon neuronal
differentiation in mammals and Drosophila, centrosomes lose PCM
proteins and, consequently, their MTOC capacity (Stiess et al., 2010;
Nguyen et al., 2011). Axon extension can occur in the absence of
active centrosomes in mammals and in Drosophila (Tassin et al.,
1985; Stiess et al., 2010; Nguyen et al., 2011). In myocyte
differentiation, centrosomes lose PCM proteins and were described
as absent frommuscle fibers (Srsen et al., 2009; Przybylski, 1971). At
the same time, PCM proteins accumulate at the nuclear periphery
from which MTs are nucleated (Srsen et al., 2009; Przybylski, 1971).
Several epithelial cell types also inactivate MT nucleation and/or
abolish their anchoring from centrosomes and so generate MTs along
the apical–basal axis (Sanchez and Feldman, 2017; Muroyama and
Lechler, 2017). These lines of evidence suggest that the centrosome is
under a homeostatic maintenance program that can be regulated,
thereby giving rise to different MT arrays.
Moreover, several centriole components are dynamic, such as
centrin in the lumen of the centriole (Bahmanyar et al., 2010),
spindle assembly abnormal protein 6 (SAS6) in the cartwheel
(Keller et al., 2014) and centrosomal protein 120 (CEP120) at the
centriolar wall (Mahjoub et al., 2010). Therefore, a picture is
emerging whereby a general homeostatic maintenance program
(Box 1) exists for centrosomes that might underlie both their
stability in cycling cells (Izquierdo et al., 2014) and their instability
to a certain extent in some tissues, such as oocytes, neurons and
epithelial cells (Pimenta-Marques et al., 2016; Yonezawa et al.,
2015; Muroyama et al., 2016).
The centrosome homeostatic maintenance program depends on
critical aspects of its structure, such as the PCM, the centriole walls
and the centriole cartwheel, and is under the control of cell cycle
regulators, such as CDKs and PLKs (Yang and Feldman, 2015;
Muroyama et al., 2016). These kinases are known to regulate
Wild type
Biogenesis Maintenance
Tissue development
affected
No cilia formation
Key
WT gene a Mutant gene b Epistatic
interaction
Maintenance
failure
Perturbation
Unhealthy lifestyle (smoking, alcohol)
Aging
Mutation affecting biogenesis
Acquired ciliopathy
Maintenance
failure
Unscheduled disassembly
Tissue
degeneration?
Tissue
degeneration?
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Fig. 3. Different scenarios that can give rise to maintenance defects. Cilia
are chosen here for illustration purposes, but the different scenarios shown
here should also apply to other structures in the cell. Cilia play an integral role in
the development of many cell lineages and/or tissues. Maintenance of the
cilium is important to maintain the particular cellular properties (e.g.
responsiveness to signaling molecules). For simplicity, we represent
distinguishable scenarios for biogenesis andmaintenance defects. However, it
is conceivable that biogenesis and maintenance can be affected
simultaneously, giving rise to a similar onset and strength of phenotypes.
Mutations affecting cilia biogenesis (second row) are known to interfere with
cell differentiation and therefore with proper tissue function. It is becoming
more and more apparent, however, that the effect of certain mutations can be
compensated for or buffered by epistatic interactions through modifier genes.
These modifiers can determine the onset and strength of phenotypes as well
as the tissue that is affected. Mutations specific to cilia maintenance (third row)
will allow cell lineage or tissue differentiation to occur normally (i.e. give rise to
fully functional cells initially), but will lead to compromised function later on. An
acquired ciliopathy (bottom row)may arise from an external perturbation, which
might interfere directly with cilia maintenance. These perturbations might
disrupt epistatic interactions, hence uncovering gene variants that on their own
are insufficient to maintain cilia function.
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centrosome biogenesis, maturation and function; they are degraded
or inactivated, respectively, by the anaphase-promoting complex,
also known as the cyclosome (APC/C) at the end of mitosis (Ferris
et al., 1998; Glotzer et al., 1991; Lindon and Pines, 2004; Murray,
1989). A high activity of CDKs and PLKs is needed for an active
mitotic centrosome, whereas a lower activity of those kinases is
often associated with centrosomes of cells in interphase or those that
have exited the cell cycle. Finally, no activity of these kinases is
observed when the centrosome has been fully inactivated, which is
often associated with centriole loss (Fig. 2A).
We next discuss in more detail different components of the
centrosome maintenance program.
In human cultured cells, newly formed centrioles that have
been blocked from maturing into centrosomes by removal of
CEP295 disassemble at the end of the cycle upon cartwheel loss
(Izquierdo et al., 2014). Inhibition of PLK1 retained the cartwheel
(Wang et al., 2011) and rescued the loss of non-matured centrioles
(Izquierdo et al., 2014). Matured centrioles, however, even though
they normally lose the cartwheel at the end of the cell cycle, do
not disassemble because they have PCM. This suggested that both
the PCM and cartwheel are redundant in conferring stability to
centrioles and compensate for each other in centrosome protection.
Such a redundancy might not exist in all species and/or tissues. In
S-phase-arrested Drosophila cells, depletion of four major PCM
proteins (SPD-2, CNN, Asl and D-PLP) or of Polo (the ortholog of
PLK1), was sufficient to lead to a reduction in centriole number,
demonstrating that centrosomes are maintained homeostatically
through the renewal of their components (Pimenta-Marques et al.,
2016).
Centriole wall components and their post-translational
modifications are also important for centriole stability. Injection
or electroporation with an antibody against tubulin glutamylation
(α-GT335) resulted in the disappearance of centrioles and
centrosomes (Bobinnec et al., 1998). In this case, centrioles and
discrete centrosomes ultimately reappeared in the cell population;
however, some centrioles exhibited loss of the MT triplets
(Bobinnec et al., 1998), which are characteristic of normal
centrioles (Fig. 1A). It is possible that glutamylation itself
stabilizes the centriolar MT structure or promotes the binding of
stabilizers. On that note, it was shown that downregulation of ATF5,
which interacts with both glutamylated tubulin and pericentrin,
thereby linking the centriole to the PCM, blocks the accumulation of
PCM at the centrosome and causes the fragmentation of centrioles
(Madarampalli et al., 2015). Centrobin, another factor that binds to
centriolar tubulin and is normally associated with daughter
centrioles (Gudi et al., 2011; Zou et al., 2005), promotes centriole
elongation and prevents PCM recruitment in cultured cycling cells.
Expression of dominant-negative centrobin led to an increase in the
number of cells without centrioles (Gudi et al., 2011). Finally, in
certain species, δ- and ε-tubulins found on centrioles contribute to
the formation and/or stability of the triplet MTs (reviewed in Winey
and O’Toole, 2014). All together, these studies suggest that there is
an interplay between the cartwheel, the centriole walls (including
the post-translational modifications of tubulin and centrobin
function) and the PCM in supporting centriole stability.
Recent studies show that inactivation of the PCM leads to
scheduled centrosome inactivation (e.g. in neurons, muscle and
epithelial cells) or even their entire disappearance (e.g. in oocytes,
Fig. 2A). Originally observed by Huettner in 1933, it is now known
that oocytes of multiple species lose their centrosomes during
meiosis (Huettner and Rabinowitz, 1933; Manandhar et al., 2005),
which is achieved in different ways in different organisms (see
Box 2). In Drosophila, during early oogenesis, a cyst of 16
interconnected cells is formed; of these, one becomes the oocyte and
inherits all centrioles by intercellular centriole migration, which
results in a large MTOC consisting of 64 centrioles. Polo and
some PCM components such as SPD-2 are transcriptionally
downregulated before centrioles disappear (Jambor et al., 2015).
This is correlated with loss of Polo and PCM proteins from the
oocyte MTOC, followed by centriole disappearance before the egg
divides (Pimenta-Marques et al., 2016). Forced localization of Polo
to centrioles in oogenesis resulted in PCM maintenance and,
consequently, persistence of the centrioles (Pimenta-Marques et al.,
2016) (Fig. 2A). These findings in oocytes point to the importance of
the active recruitment of newly synthesized Polo and PCM
components to the centrosome, further supporting the existence of a
regulated homeostatic maintenance program that can be switched off.
In the human body, there are several other examples of cells, in
which centrosomes are either partially or completely inactivated. In
some of these cases centrioles persist, while in others there is no
conclusive evidence. For example, during differentiation of skeletal
muscle, centrioles are inactivated upon fusion of myoblasts to give
rise to the syncytial myotubes. Here, proteins such as γ-tubulin,
pericentrin and ninein are captured by nesprin at the nuclear
envelope, fromwhichMTs are nucleated and extend, resulting in the
formation of longitudinal MT bundles along the long axis of the cell
(Tassin et al., 1985; Espigat-Georger et al., 2016). In differentiating
hippocampal neurons, centrosome inactivation is associated with
loss of γ-tubulin, pericentrin and centrin from the centrosome
(Stiess et al., 2010). MTs are generated by augmin- and γTuRC-
dependent nucleation from existing MTs. This ensures a uniform
plus-end-out MT polarity in axons (Sánchez-Huertas et al., 2016).
Box 2. Centrosome elimination is essential in oogenesis
of most metazoan species
Centrosomes are eliminated from the oocytes of the majority of
metazoan species (Manandhar et al., 2005), allowing for a correct
number of centrosomes to be attained after fertilization. In fruit flies,
worms and humans, centrioles are eliminated prior to meiotic division,
one of the few acentriolar divisions in those species (Delattre and
Gönczy, 2004; Manandhar et al., 2005; Cunha-Ferreira et al., 2009;
Mikeladze-Dvali et al., 2012). In Drosophila, a centrosome maintenance
program was elucidated that depends on Polo and PCM, which is turned
off during oogenesis (Pimenta-Marques et al., 2016; see main text for
discussion). In some species, centrioles are eliminated together with
DNA through their extrusion inside the polar bodies during meiotic
divisions, such as in snail oocytes, which only contain a single pair of
centrioles (Krioutchkova et al., 1994). Interestingly, echinoderms (sea
urchin, starfish and sea-cucumber) use both strategies to eliminate
centrioles: extrusion and elimination. These species enter meiosis with
two pairs of centrioles, one at each pole of meiosis I spindle. One pair is
extruded through the polar body I (PBI). Subsequently, single centrioles
are present on the spindle poles of meiosis II; of these, the mother, which
has MT nucleation capacity, is extruded with PBII (Borrego-Pinto et al.,
2016), leaving a single centriole in the mature egg (Kato et al., 1990;
Miyazaki et al., 2005; Nakashima and Kato, 2001). The remaining
centriole is eventually eliminated, but it is not known exactly how this is
achieved. If centrioles are artificially retained, they cannot be inactivated,
resulting in multipolar zygotic spindles (Borrego-Pinto et al., 2016). The
retained daughter centriole does not nucleate MT, perhaps because of
insufficient levels of PCM, which may cause centriole destabilization.
Perhaps mother and daughter centrioles have to be eliminated in
different ways, because these cells have no mechanism to actively
remove PCM. Future studies are needed to understand whether different
species use similar mechanisms to inactivate centrosome maintenance
programs and achieve centrosome elimination.
3794
REVIEW Journal of Cell Science (2017) 130, 3789-3800 doi:10.1242/jcs.203505
Jo
u
rn
al
o
f
Ce
ll
Sc
ie
n
ce
However, in both muscles and neurons, is not clear whether
centrioles eventually disappear and what would happen if
centrosome activity was maintained.
During epithelial differentiation, centrosomes often cease to be the
major MTOC in the cell when acentrosomal MTOCs are established.
Loss of CDK1 activity appears to be a major trigger for this change
(Muroyama et al., 2016). An interesting example is proliferative basal
cells of the mammalian epidermis; here, MTs are recruited to the cell
cortex upon differentiation. Loss of CDK1 activity upon exit from the
cell cycle results in several changes at centrosomes and in the cell.
MTs continue to be nucleated by CDK5RAP2–γ-TuRC complexes at
the centrosome, whereas Nedd1–γ-TuRC complexes, which are
required for MT anchoring in this system, rapidly delocalize from
centrosomes, leading to a loss of astral MT configuration (Fig. 2A)
(Muroyama, et al., 2016). This study suggests that different
populations of γ-TuRCs have distinct functions and are regulated
differently. Loss of centrosomal MTOC activity in these cells is
associated with loss of pericentrin and γ-tubulin from centrosomes,
but centrioles are not completely eliminated (Fig. 2A) (Muroyama
et al., 2016). Similarly, during cell differentiation of C. elegans
embryonic intestinal cells, MTOC function is reassigned to the apical
membrane after downregulation of CDK-1. Interestingly, in this case,
cells can divide after differentiation. Reactivation of the centrosomal
MTOC is dependent on the conserved centrosome protein spindle-
defective protein 2 (SPD-2; CEP192 in humans) and mitotic CDK
activity (Yang and Feldman, 2015).
Taken together, it is possible that kinases, such as PLK1 and
CDK1, function both as regulators of centrosome activity and
maintenance, which makes it difficult in some cases to establish
clear boundaries between both processes (Muroyama et al., 2016).
Upregulation of PLK1 and CDK1 in mitosis leads to centrosome
maturation and increasedMT nucleation. However, their presence in
interphase and in many differentiated cells is necessary for
centrosome maintenance and even nucleation, with their absence
leading to centrosome inactivation and disappearance inDrosophila
(Fig. 2A). Future work will hopefully unravel how this program is
regulated at the transcriptional and post-transcriptional level and
how dynamic the PCM and centriole proteins actually are.
Cilia maintenance
Different organisms and cell types are likely to differently regulate
the structural and functional maintenance of cilia. Although certain
long-lived differentiated cells harbor stable cilia such as
photoreceptors, cilia are known to assemble and disassemble in
cycling cells (Fig. 2B). The photoreceptor outer segment (a
modified cilium) is completely replaced in a matter of days and
hence requires continuous maintenance (Besharse and Hollyfield,
1979; Hsu et al., 2017). The integrity of the cilium, both as a
structural and signaling compartment, is critical for its function
(Fig. 2B). It is likely that modifications that make the structure more
robust, as well as the synthesis of ciliary components and their
transport into the cilia, are all important factors for their
maintenance (see also Box 3). As for centrioles, post-translational
modifications of tubulin play a role in stabilizing axonemal MTs in
cilia. Mutation in the tubulin deglutamylase CCPP-1 in C. elegans
leads to a progressive degeneration phenotype of the axonemal MTs
(O’Hagan et al., 2011). These worms appear to form normal cilia in
early larval stages, but cilia defects arise over time (O’Hagan et al.,
2011). Tubulin glycylation is not required for retina development in
the mouse, but the photoreceptors degenerate with age if tubulin
glutamylation and glycylation are not properly balanced (Bosch
Grau et al., 2017) (Fig. 2B). The authors propose that this phenotype
is linked to the inability of the photoreceptor to appropriately adapt
to mechanical load (Bosch Grau et al., 2017).
The maintenance of cilia, as for centrioles, is also likely to require
continuous transcription and translation of ciliary components.
Evidence for this comes from a study on the role of miRNAs in
photoreceptor maintenance in mice; here, animals in which
miRNA182 and miRNA183 were deleted formed fully functional
photoreceptors in the first weeks after birth; however, they exhibited
specific defects in the maintenance of those cells (Busskamp et al.,
2014). In the same study, a number of gene targets of miRNA182
and miRNA183 were annotated as associated with cilia and/or
centrosomes, and could thus be relevant for maintenance of
photoreceptors, and more generally, cilia (Fig. 2B). Additionally,
the nuclear activity of the tumor suppressor gene VHL was linked to
cilia maintenance in the kidney (Thoma et al., 2007). Here, loss of
VHL and the subsequent reabsorption of cilia allows cells to re-enter
the cell cycle and leads to cyst formation (Fig. 2B). However, it is
unclear through which genes VHL controls cilia maintenance.
IFT is likely to have important roles in the maintenance of both
the ciliary structure and the integrity of the cilium as a signaling
compartment (Box 3). IFT occurs constantly, even in fully formed
cilia, as shown by FRAP experiments and other live-cell imaging
techniques (Hu et al., 2010; Milenkovic et al., 2015; Trivedi et al.,
2012; Ye et al., 2013). In green algae, inhibition of IFT led to
shortening of cilia that initially functioned normally (Marshall and
Rosenbaum, 2001; Marshall et al., 2005). This raised the notion that
ciliary proteins need to be replenished constantly in order to
maintain flagella length (Marshall et al., 2005). Indeed, removal of
IFT by gene deletion specifically in the retina of adult mice leads to
photoreceptor degeneration (Jiang et al., 2015). Amongst the IFT
Box 3. Chlamydomonas –what a green alga taught us
about cilia maintenance
Important insights into homeostatic cilia maintenance came from the bi-
flagellated green alga Chlamydomonas reinhardtii. Chlamydomonas
flagella (hereafter referred to as cilia) can be biochemically isolated
(Witman et al., 1972) and since the late 1970s, a collection of temperature-
sensitive mutants has been available that allow to acutely disassemble
cilia (Huang et al., 1977). These tools led to the identification of genes and
mechanisms involved in cilia maintenance. In particular, it was shown that
a previously described intra-ciliary ‘motility’ (Kozminski et al., 1993) is
dependent on kinesin-driven motor movement (Kozminski et al., 1995).
This motility is now called intraflagellar transport (IFT) and is known to
consist of a protein complex of 22 subunits (Piperno et al., 1998; Taschner
and Lorentzen, 2016; Vashishtha et al., 1996). Acute removal of IFT leads
to cilia resorption, which demonstrated that this complex is important for
cilia maintenance. Live-imaging and modeling revealed that cilia length is
dynamically controlled through tubulin turnover (Marshall and
Rosenbaum, 2001; Marshall et al., 2005). Blocking IFT prevents the
addition of new tubulin at the tip and causes cilia shortening (Marshall and
Rosenbaum, 2001). However, only 12 years later, it was demonstrated
that tubulin is in fact a bona fide IFT cargo in several species (Bhogaraju
et al., 2013). Core IFT components are conserved in other species, and
when mutated, can cause phenotypes similar to those seen in human
pathologies (Pazour et al., 2000, 2002). Maintenance of protein
composition in cilia, however, goes beyond tubulin transport: 20% of all
axonemal and membrane proteins turn over within 6 hours in
Chlamydomonas (Song and Dentler, 2001). At least some of these
could be IFT cargoes, suggesting that IFT maintains additional ciliary
properties apart from length. More recently, however, it was demonstrated
that not all Chlamydomonas proteins depend on IFT for their ciliary
localization (Harris et al., 2016). This opens the possibility that ciliary
properties are maintained through both IFT-dependent and IFT-
independent mechanisms.
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cargoes, tubulin, the main component of the ciliary axoneme, was
identified to be transported by the IFT complex proteins IFT81 and
IFT74 in different species (Bhogaraju et al., 2013), and directly by
kinesin-2 in Drosophila, which does not have these IFT subunits
(Girotra et al., 2017; van Dam et al., 2013). However, not all systems
may depend equally on IFT for cilia maintenance, as fully formed
flagella of Trypanosoma show IFT-mediated motility, but, in this
case, the IFT complex is only required to maintain flagellar function
and not their structural integrity (Fort et al., 2016). In addition,
Drosophila sperm does not need IFT either for biogenesis or for
maintenance (Han et al., 2003; Sarpal et al., 2003) and IFT is absent
from mature mouse sperm and hence is also not required for its
maintenance (San Agustin et al., 2015). Further insights into how
IFT regulates the maintenance cilia function can be gained from
hedgehog signaling. Like many other signaling pathways, hedgehog
signaling requires cilia (Bangs and Anderson, 2017). The G-
protein-coupled receptor smoothened initiates hedgehog signaling
when it localises to the ciliary membrane. In mice, IFT27 was
shown to be required to keep unstimulated cilia in an off state by
exporting smoothened out of the cilium (Eguether et al., 2014);
however, IFT27 is frequently lost from the genomes of ciliated
species (van Dam et al., 2013). Since IFT27 is required for
hedgehog function (Eguether et al., 2014), it is unlikely that IFT
maintains hedgehog signaling capacity in those systems. In fact, in
Drosophila, hedgehog signaling is mostly independent of cilia (Han
et al., 2003; Sarpal et al., 2003), with the exception of its role in
olfaction (Kuzhandaivel et al., 2014; Sanchez et al., 2016). This
suggests that the properties that are maintained by IFT depend on the
species and perhaps also vary among the cilia within one organism.
The role of IFT in ciliary maintenance may also be regulated by
the ciliary rootlet. In C. elegans rootletin mutants, which do not
form rootlets but assemble cilia and IFT complexes (Mohan et al.,
2013), IFT particles move at a lower speed and the cilia eventually
degenerate. In Drosophila, no structural defects were found in
rootletin mutants, but ciliary dysfunction was observed as well
(Chen et al., 2015). These findings indicate that the ciliary rootlet is
required for homeostatic maintenance of cilia function, but not for
its structural integrity. In the future, it will be important to
understand which IFT cargoes are important for maintaining cilia
structure compared with its signaling capacities, as well as how
transport is regulated by the rootlet.
Finally, more recently, cilia were shown to produce extracellular
vesicles (often referred to as exosomes) in an actin-dependent
manner (Nager et al., 2017). These exosomes are biologically active
and are required for hatching in Chlamydomonas (Wood et al.,
2013) or are used in communication between individual C. elegans
(Wang et al., 2014). Exosomes can also return cilia to an inactive
state after activation (Nager et al., 2017) and might be involved in
maintaining other ciliary properties.
Impact of cilia and centrosome maintenance on
regeneration and disease
Given the multiple functions of centrosomes and cilia, it is likely that
perturbations of their maintenance, arising either physiologically or
from disease, affect the cytoskeleton and movement of a cell, as well
as its signaling. Little is known about the consequences of
deregulation of maintenance mechanisms. Recently, however, some
ideas emerged regarding the consequences of these mechanisms for
regenerative capacities, cancer and fertility, which we discuss below.
Centrosome loss in somatic cells, which is driven by the
inhibition of centriole duplication, activates p53, thereby
inhibiting proliferation (Fong et al., 2016; Lambrus et al., 2016;
Meitinger et al., 2016). However, upon concomitant removal of p53
and inhibition of centriole duplication, human and mouse cells
continue to proliferate (Bazzi and Anderson, 2014; Fong et al.,
2016; Lambrus et al., 2016; McIntyre et al., 2012; Meitinger et al.,
2016). It is therefore possible that this p53-dependent pathway
prevents the propagation of aneuploid cells. Moreover, it may ‘lock’
terminally differentiated cells that did not maintain their
centrosomes in a permanent non-proliferative state.
Interestingly, it was recently shown that regulation of centrosome
maintenance has consequences for tissue regeneration. During fetal
and postnatal development, mammalian cardiomyocytes become
terminally differentiated muscle cells. In newborn rats, along with
terminal differentiation and loss of the ability to proliferate,
centrosomes are inactivated and lose their MTOC capacity. In this
scenario, PCMproteins are removed from the centrioles and localize
to the nuclear envelope from which MT nucleation takes place
(Zebrowski et al., 2015). In contrast, in salamanders, the centrosome
is maintained throughout differentiation, and adult heart muscle
cells are therefore able to proliferate, permitting partial heart
regeneration (Zebrowski et al., 2015). This suggests that centrosome
inactivation in the mammalian heart restricts the proliferative
capacity of muscle cells.
In oocytes, centrosome elimination is critical to ensure that the
zygote has the correct centrosome number and develops normally.
For instance, preventing centrosome loss, by either retaining the
PCM in flies, or preventing centrosome extrusion in starfish, leads
to female infertility (Borrego-Pinto et al., 2016; Pimenta-Marques
et al., 2016).
Centrosome inactivation might also be important in cancer, as
cancer cells often show multiple centrosomes, which may promote
aneuploidy and invasion (Gönczy, 2015; Godinho, 2014; Godinho
et al., 2014). Paradoxically, in extreme cases, centrosome
amplification can be detrimental for the survival of a cancer cell,
as each centrosome can form a spindle pole, thereby promoting a
highly abnormal mitotic division that can result in cell death
(Godinho et al., 2014). It has been proposed that cancer cells
inactivate their supernumerary centrosomes during mitosis in order
to form a bipolar spindle and survive. Indeed, fly cells with extra
centrosomes inactivate them through upregulation of moesin, a
regulator of the actin cytoskeleton that localizes to centrosomes
during mitosis and delocalizes the PCM. This contributes to the
formation of a bipolar spindle and cell survival (Sabino et al., 2015).
It could be that cancer cells cope with supernumerary centrosomes
by inactivating the centrosome maintenance program (Fig. 2A).
However, whether this pathway is related to the p53-mediated
centrosome surveillance pathway discussed above is not yet clear.
The regulation of cilia maintenance might also be important for
cell cycle control. Certain quiescent ciliated cells in culture need to
disassemble cilia to progress into S phase. Whether disassembly
results from a failure of maintenance, or it is an active process
involving a different pathway is an important question for any
cellular structure. In the case of cilia, there is an active pathway that
inhibits ciliogenesis mediated by Nde1 and Tectex-1, which
regulate cilia length and actin dynamics (Kim et al., 2011; Li
et al., 2011). Important players also involved in the initiation of cilia
disassembly are Aurora A, PLK1 and HDAC6 (Inoko et al., 2012;
Wang et al., 2013; Plotnikova et al., 2012; Pugacheva et al., 2007;
Ran et al., 2015). HDAC6 destabilizes ciliary microtubules directly
(Ran et al., 2015) and is activated by Aurora A (Pugacheva et al.,
2007). It will be important in the future to dissect the extent to which
interfering with the cilia maintenance program contributes to cilia
disassembly during the cell cycle.
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The impact of cilia on tumor progression might depend on the
genetic nature of the cancer and the tissue from which the tumor
originates (Han et al., 2009; Wong et al., 2009). Ciliogenesis is
compromised in certain cancer types (Gradilone et al., 2013; Menzl
et al., 2014; Moser et al., 2009), with inhibition of HDAC6 rescuing
ciliogenesis and slowing tumor growth (Gradilone et al., 2013;
Xiang et al., 2017). This led to the proposition that cilia inhibit
tumor growth. However, upon deregulation of ciliary mitogenic
pathways such as Hedgehog signaling, cilia can also accelerate
tumor growth (Li et al., 2016). Accordingly, cilia were found to
persist in a subset of patients with rhabdomyosarcoma, a cancer
derived from skeletal muscle cells that normally lose cilia (Fu et al.,
2014). Therefore, although a deregulation of cilia maintenance
might be associated with cancer, future studies are needed to fully
understand the specific conditions in which these scenarios arise.
Future directions and conclusions
In this Review, we provide evidence that centrosomes and cilia are
actively maintained throughout life. We highlight the possible
underlying molecular programs that maintain these structures and
discuss how these could be deregulated in disease. A better
understanding of these maintenance programs will help to predict
the outcome of disease-causing mutations in different genetic
contexts and determine how pharmacological interventions can be
used to modulate their functions.
The focus of research on cilia and centrosome maintenance is still
quite recent. The challenge remains in designing appropriate
experimental approaches to distinguish cilia and centrosome
maintenance from their biogenesis, by ensuring that, initially, these
structureswere fully built and functioned properly.Moreover, given that
the factors involved in structural maintenancemay also be important for
the activity of a given structure at a given developmental stage, there is a
challenge in understanding how much function regulation and
maintenance programs intersect with each other. Furthermore, given
that many structures are disassembled at different stages under
physiological conditions, it will be important to understand whether
there is an overlap between disassembly programs and the inactivation
of maintenance programs. Many questions wait to be explored to fully
understand the extent to which these organelles and their components
are maintained and how maintenance is regulated to realize different
functions. The development of new tools and experimental systems
now make it possible to address questions that were previously
inaccessible. It is an exciting time to turn our attention to maintenance.
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